Background and Purpose-White matter changes (WMC) are a common finding on brain imaging and are associated with an increased risk of ischemic stroke. They are most frequent in small vessel stroke; however, in the absence of comparisons with normal controls, it is uncertain whether WMC are also more frequent than expected in other stroke subtypes. Therefore, we compared WMC in pathogenic subtypes of ischemic stroke versus controls in a populationbased study. Methods-We evaluated the presence and severity of WMC on computed tomography and on magnetic resonance brain imaging using modified Blennow/Fazekas scale and age-related white matter changes scale, respectively, in a population- 
W hite matter changes (WMC) are frequently reported on brain imaging, predominantly in older individuals; however, their pathogenesis remains unclear. WMC are independently associated with an increased risk of incident stroke in population-based cohort studies [1] [2] [3] [4] [5] [6] and in high-risk populations. [7] [8] [9] [10] WMC are also associated with an increased risk of recurrent stroke, stroke severity, and poor prognosis, [11] [12] [13] [14] suggesting that WMC may increase the general susceptibility to further acute cerebral ischemia. If so, WMC should increase the risk of stroke in the face of all pathogenic subtypes. However, previous cohort studies did not report the risk association stratified by subtypes of ischemic stroke. Although most cross-sectional studies reported a higher prevalence and severity of WMC in small vessel stroke compared with other pathogeneses, [15] [16] [17] [18] [19] [20] [21] [22] they were nested in stroke population and were thus unable to demonstrate whether WMC were also more frequent in nonsmall vessel subtypes than in controls. Moreover, some studies were nonblinded, with stroke pathogenesis assessed only on brain imaging 15, 16, 21, 22 one study showed more WMC in large vessel stroke, 23 no study stratified analyses by age or sex, and there have been no adequately powered studies comparing imaging in different stroke subtypes with imaging in controls. Therefore, it is uncertain whether WMC are associated purely with small vessel stroke or with ischemic stroke more generally.
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More reliable data on the association between WMC and ischemic stroke subtypes would be helpful in understanding the role of WMC in the pathogenesis of stroke, in determining shared vascular risk factors and genetics, and potentially in informing investigation of individuals found to have WMC on brain imaging performed for other reasons. A large prospective cohort study with baseline brain imaging and detailed stroke subtyping on follow-up could provide such data but would need to be large enough to have sufficient stroke outcomes of each pathogenic subtype to distinguish between their risk associations reliably. Foreknowledge of findings on baseline imaging might also influence preventive treatment and thereby bias associations.
Moreover, although WMC have been shown to be more associated with small vessel stroke compared with other pathogenic stroke subtypes, [15] [16] [17] [18] [19] [20] [21] [22] little is known about the association of WMC and small vessel transient ischemic attack (TIA). Given that pathogenic classification is less well validated in patients with TIA, studying the association between WMC and patients with TIA would also in turn help validation of TIA classification. Therefore, we performed the first population-based case-control study of the associations of WMC and pathogenic subtypes of TIA or ischemic stroke, comparing brain imaging in patients with incident ischemic events with imaging in age-matched population controls, to determine whether there is any association between WMC and nonsmall vessel events and to assess the associations of WMC and TIA subtypes.
Methods
Consecutive patients with first-in-a-lifetime incident TIA or ischemic stroke who underwent brain imaging at assessment in the Oxford Vascular (OXVASC) Study between April 1, 2002 , and March 31, 2011, were studied. The OXVASC Study is a population-based study of all acute vascular events in a population of 92 728 individuals registered with 100 primary care physicians in 9 general practices in and around Oxford, UK. Methods of the OXVASC Study have been reported previously. 24 Briefly, multiple overlapping methods of hot and cold pursuits were used to achieve near complete ascertainment of all individuals with TIA or stroke. These include the following: (1) a daily, rapid access TIA clinic to which participating general practitioners and the local accident and emergency department refer all individuals with suspected, but not hospitalized, TIA or stroke; (2) daily searches of admissions to the medical, stroke, neurology, and other relevant wards; (3) daily searches of the local accident and emergency department attendance register; (4) daily searches of in-hospital death records via the Bereavement Office; (5) monthly searches of all death certificates and coroner's reports for out-of-hospital deaths; (6) monthly searches of primary care diagnostic coding and hospital discharge codes; and (7) monthly searches of all brain and vascular imaging referrals.
Detailed clinical history was recorded in all patients. Computed tomography (CT) was the first-line imaging modality, and magnetic resonance imaging (MRI) was performed only if clinically indicated. From April 1, 2006, onward, MRI became the first-line imaging modality in patients with posterior circulation TIA or stroke to get MR angiogram of the vertebrobasilar circulation; however, CT remained the first-line imaging modality in the majority of patients. Patients also underwent vascular imaging (carotid Doppler or CT angiogram/MR angiogram or angiography) and 12-lead electrocardiography. Echocardiography and 24-hour electrocardiography (Holter) monitoring were performed when clinically indicated (eg, cryptogenic TIA/stroke; multiterritory infarct; patients at high risk of endocarditis, known valve problems, or with other cardiological complaints). All cases were reviewed by a senior neurologist and classified according to the Oxfordshire Community Stroke Project (OCSP) classification 25 as well as the modified Trial of Org10172 in Acute Stroke Treatment (TOAST) criteria. 26, 27 Controls were healthy individuals who had no history of TIA or stroke who were recruited as elderly volunteers without symptoms of memory impairment for 2 control groups related to the Oxford Project to Investigate Memory and Ageing (OPTIMA) Study. In the first group (OPTIMA controls), all had CT brain imaging. In the second group (Challenge study cohort), all had CT and MR brain imaging. In both control groups, all subjects underwent a detailed clinical history and physical examination. CT and MR brain imaging in both groups were performed in the same hospital as patients in the OXVASC cohort. CT scans were performed on a Toshiba, Aquilion 64, 64-slice scanner. MRI scans were performed on a 1.5 T Siemens Magnetom.
Written informed consent was obtained from all participants, and both the OXVASC and OPTIMA studies were approved by the local ethics committee.
Assessment of WMC
Details of imaging protocols and assessment of WMC in the OXVASC Study have been published previously. 28 Briefly, WMC were prospectively coded by a neuroradiologist and by an experienced neurologist, independently and blinded to clinical data, using 2 scales:
1. Modified Blennow and Fazekas scale: a simple qualitative scale (absent, mild, moderate, or severe) based on the severity score of the Blennow scale for CT, 29 and a modified version of the Fazekas scale, 30 considering periventricular and deep white matter lesions altogether, for the MRI. 2. Age-related white matter changes (ARWMC) scale 31 for both CT and MRI, rating 5 different regions in both hemispheres according to a 0 to 3 score. Total score was categorized as the following: absent (0), mild (1-5), moderate (6-10), and severe (>10) WMC.
CT-based visual rating of WMC in the OPTIMA Study has been shown to validate well with subcortical vascular disease found at postmortem. 32, 33 To ensure comparable assessment of WMC on MRI in both OXVASC cases and OPTIMA controls, the detailed rating of WMC on MRI was performed on axial T2 (OXVASC: TR, 4400; TE, 96.0; slice thickness, 5 mm; gap, 1 mm; FOV, 173×230 mm; matrix, 182×256; OPTIMA: TR, 4055; TE, 90.0; slice thickness, 5 mm; gap, 1 mm; FOV, 173×230 mm; matrix 190×256) for both cases and controls (only T2 sequences were performed in the OPTIMA Study). Large corticosubcortical strokes, definite lacunar lesions (well delineated, oval, or rounded in shape, measuring ≤2.0 cm, or with the same signal intensity as cerebrospinal fluid), perivascular spaces, and obvious tumors or cysts were not categorized as WMC. The detailed data on reliability of WMC assessment are shown in the online-only Data Supplement.
Statistical Analysis
We analyzed the differences in presence and severity of WMC between cases and controls separately in those who had CT imaging and those who had MRI. We compared the prevalence of any WMC and moderate/severe WMC between each TIA/stroke subtype (OCSP/ TOAST) and the control group using χ 2 test and logistic regression analysis with adjustment for age, sex, diabetes mellitus, and hypertension to determine the independent association. In the absence of any significant heterogeneity in associations, we then obtained pooled estimates of the CT-based and MRI-based associations (MRI evaluation was used in those who had both CT and MRI) with MantelHaenzel-Peto meta-analysis. Analyses were also stratified into age groups. All analyses were performed using SPSS version 20. was cardioembolic in 367 (22 . Moreover, the associations between vascular risk factors and WMC were highly consistent between CT and MRI and between the different scales ( Table 2) .
As expected, in multivariate analyses including all patients, older age and small vessel subtype were consistently associated with WMC overall ( The strong association between small vessel events and WMC was also evident in the comparison of cases and population controls before and after adjustment for age, sex, diabetes mellitus, and hypertension (Table 3; Tables I and II in the online-only Data Supplement).
In contrast, there were no significant differences in the prevalence of any or moderate/severe WMC between any of the In the analyses stratified by the OCSP classification (clinical lacunar versus nonlacunar subtypes), there was some heterogeneity between CT-based and MRI-based comparisons; however, the results were broadly similar (Table IV in the online-only Data Supplement), the association with lacunar subtype being similar to that with small vessel subtype based on the TOAST classification.
Discussion
In this population-based case-control study, we showed that after adjustment for age, sex, hypertension and diabetes mellitus, WMC were not independently associated with nonsmall vessel TIA and stroke. However, as expected, there were still more WMC on brain imaging in cases with small vessel events than controls, both for TIA and stroke. Our results were consistent in CT-based and MRI-based comparisons, for any WMC and moderate/severe WMC, and also for the purely clinical lacunar subtype (OCSP lacunar infarct). In each case, these associations were strongest at younger ages. The association between lacunar infarcts and WMC has been documented by cross-sectional clinical, radiological (CT and MRI), and pathological studies. 15, 16, 34 Moreover, progression of WMC on follow-up has also been shown to be associated with previous lacunar infarction, 35, 36 accepting that up to one third of lacunar infarcts diagnosed may be because of large vessel disease. 37 However, only a few conflicting studies [17] [18] [19] [20] have compared the relationship between WMC and different pathogenic stroke subtypes, and there have been no previous case-control studies with sufficient power to stratify analyses by subtype. The only previous case-control study of WMC was a welldesigned MRI-based study in the early 1990s 38 ; however, it had only 27 patients in the subset of cases with lacunar infarction and did not find any greater prevalence of WMC in these cases than in controls. Although this finding is in conflict with our case-control findings (based on 78 small vessel cases imaged with MRI and 200 cases with CT) and with most previous case-case comparisons of stroke subtypes, [15] [16] [17] [18] [19] [20] [21] [22] the earlier casecontrol study was consistent with our findings on the absence of any association between WMC and nonsmall vessel infarcts. 38 Previous cross-sectional studies of stroke cases provide conflicting evidence about the association of WMC and nonsmall vessel stroke. Some studies showed that WMC were less frequent in territorial infarcts compared with lacunar infarcts, 15, 37 whereas another found that large vessel stroke had more WMC than other subtypes, 23 and a study in young patients with stroke reported that WMC was more often present with small vessel disease or large vessel disease than with undetermined or other determined pathogenesis stroke. 20 However, none of these studies adjusted for confounding by age and other risk factors.
Our finding that after adjustment for age, sex, and history of hypertension and diabetes mellitus, there was no excess of WMC in nonsmall vessel TIA/stroke cases compared with controls is consistent with other evidence. First, in the casecase comparison within the OXVASC Study, we did not find any independent association between WMC and unilateral or bilateral carotid stenosis (≥50%) or atrial fibrillation (Table 2) . Second, previous studies have also shown that there seems to be no association between WMC and side or severity of atherosclerotic carotid stenosis 39 or atrial fibrillation. 34 WMC are clearly related strongly to age, irrespective of any major role of vascular risk factors. 28 However, the independent association of WMC with small vessel events, but not with other pathogeneses of TIA or stroke, suggests that WMC and small vessel events do share some additional genetic or environmental risk factors. The association between these 2 pathogeneses could reflect a shared increase in susceptibility to a traditional risk factor, such as hypertension, or be attributable to as yet undetermined novel risk factors; however, it does not necessarily indicate any association between WMC and the vascular pathogenesis of small vessel events. In patients with similar underlying small vessel pathogenesis, the increased occurrence of lacunar-type events in patients with WMC could simply reflect an increased susceptibility to ischemia in the white matter.
Although we consider our findings to be valid, our study does have several limitations. First, our observations were mainly based on CT scans. However, although MRI is more sensitive than CT in the detection of mild early WMC, more severe changes are detected more equally. 31 Moreover, we found good agreement for moderate or severe WMC on CT versus MRI, and CT-based visual rating of WMC in the OPTIMA Study validated well with subcortical vascular disease found at postmortem. 32, 33 Most importantly, however, our main findings in analyses based on CT were highly consistent with our analyses confined to MRI only. Second, we used semiquantitative scales rather than lesion volume methods in our MRI-based analysis. Although possibly less sensitive, visual scores are closely related to volumes, and may be more specific because they are less prone to artifacts attributable to accidental inclusion of areas of cerebral infarction. Third, because our controls were recruited from volunteers without memory complaint, there could be a healthy volunteer bias. However, in the MRI-based analyses, controls were much older than cases. Moreover, any such bias would tend to overestimate the association between WMC and nonsmall vessel events, which we did not find anyway. Fourth, there were some minor differences in the T2 acquisition parameters in cases and controls; however, any resulting bias in quantification of WMC would have been small and would, of course, apply equally to all stroke subtypes. Fifth, we used only history of hypertension to reflect the role of blood pressure in our analyses, which perhaps explains the relatively weak association between hypertension and WMC. However, the same definition was used in cases and controls, and the lack of association between WMC and nonsmall vessel events could not be explained by any failure to account for blood pressure effects. Sixth, we used the TOAST criteria to classify TIA as well as stroke subtypes. Although the pathogenic classification systems were not originally developed for patients with TIA, the usefulness of the TOAST criteria in TIA has been validated in many studies. 40 Moreover, given the relatively small numbers in each of the TOAST subtypes in the OXVASC Study, further studies and subsequently metaanalyses will be needed to have sufficient power to prove the absence of independent associations between nonsmall vessel events and WMC. Finally, although TOAST is the most widely accepted stroke classification, it does have some shortcomings. 27 However, we also used the OCSP clinical classification and found similar results. Moreover, we found no association between WMC and nonsmall vessel events despite the possibility that some might have been misclassified small vessel events.
Our finding that WMC were independently associated with small vessel TIA and ischemic stroke, particularly in the younger patients, but not with nonsmall vessel events has a number of implications. First, the association between small vessel events and WMC must be explained by mechanisms that are not involved in the pathogenesis of other subtypes of TIA and stroke. Further research is needed to determine the shared mechanism(s) that underlies this association between acute and chronic white matter ischemia. Second, the association between WMC and small vessel TIA provides some validation evidence of the classification of small vessel TIA. Third, because WMC are not independently associated with carotid stenosis or atrial fibrillation, or with large vessel or cardioembolic TIA and stroke, screening for carotid stenosis or cardiac causes in individuals with incidental WMC on brain imaging performed for nonvascular reasons may not be necessary. Rather, such individuals should have their vascular risk factors closely monitored. Fourth, also with relevance to the counseling and investigating patients with incidental WMC, our finding that the independent association between WMC and even small vessel TIA and stroke is lost at older ages suggests that WMC may be of little prognostic significance, at least for stroke, at older ages. Future prospective cohort studies should stratify prognostic analyses by age. Finally, the consistent results in CT-based and MRI-based comparisons have implications for less ideal but real-world practice where MRI is not always readily available.
Conclusions
In this first large population-based case-control study of WMC and subtype of TIA and stroke, we found that after adjustment for age, sex, hypertension and diabetes mellitus, WMC were not independently associated with nonsmall vessel events. Similar to small vessel stroke, there were more WMC on brain imaging in cases with small vessel TIA than controls. Our results were consistent in CT-based and MRIbased comparisons. 
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Supplemental Methods
Reliability of TOAST classification
Inter-rater agreement of aetiological stroke classification using the TOAST criteria (seven subtypes: large artery disease, cardioembolic, small vessel disease, stroke of undetermined aetiology after detailed diagnostic work-up, stroke of unknown aetiology due to lack of sufficient investigation, stroke of multiple aetiology and stroke of other aetiology ) was assessed by kappa-statistics in a subset of 1294 consecutive OXVASC cases. The inter-rater agreement was good (kappa 0.79, 95%CI 0.76-0.82).
Reliability of WMC assessment on CT and MR brain imaging 1
Inter-rater agreement on presence and severity of WMC on CT was assessed by kappa-statistics in a subset of 996 consecutive cases and for MRI on 100 cases between the OXVASC neurologist and radiologist. Intra-rater reliability kappa values were calculated for the OXVASC Neurologist. 
Numbers of scans
